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‘Degradation-of the: quality of fmh surface-and M
waters by intrusfon of saline water-1s a cosmon and compl
‘problem in both couul and inland areas. Seldom is the
problem-the direct result of waste disposal., More oftem it

is the imadvertent result of man's ‘activities as he alters
“his envimnnt
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) v A
s GUIDANCE FOR_IDENT ;FICATION AND EVALUATION OF_THE_ NATURE

AND _EX EXTENT _OF, POLLUTION FROM SALT WATER INTRUSION

INTRODUCTION

séction 304:(e) of the Federal Water Pollution Control

j Act as Amended 86 Statute 816; 33 U.S.c. 1314 {1972)

-
—-

provides that: |
wThe Administrator (Of EPA).....shall issue....within one
year after the -effective -date of thjisfsi,ibseetji'on: (and

from time to time thereaiter) information including:i(I). -

,,t,

:§ufdékines:f0r fdeﬁfffyingaand‘évaiuatingfthé*ﬁatﬁfe

processes, procedures, and -methods. to control 290,111;91—;03—
resulting from -...

*

(E)- salt water ‘intrusion resulting: from reductions c¢” -
fresh water flow from any cause, including extractic .

of ground water, irrigationm, obstruction, and

- di;Ye I.'Sﬁifon’; e e e




This document has been prepafedfbg‘théfﬂnited—States
- : / e
,Environmentalngotecqiqﬁ Agency in response to the

. : ) 7 N
requirements. of Section 304-(e)-(1) (E) of the Act.

The followlng sections contain informational guidellnes

/

for 1dent1ﬁy1ng and-evaluatlng the nature and extent of

-

:pollutlon from salt water intrusion.. Thefc;:cumstangeg

su:roundxng local salt water intrusion problems vary widely

' = . . - - »

and a uniform "cook book" approach: to: problem identification

and’ evaluation is not possible.. Accordingly, this guidance
is not intended to provide a step-by-step procedure for

£iéid&regonhaissan§e—9?‘§ahpltng;té9hni§§§$; Knowledge of

-

the -existence and: dellneatlon -of the spatlal -distributionof

zwaters ‘coptaminated by salt water intrusion.will serve

little useful purpose by itself. If salt water intrusion is
to 'be effectively controlled it must be understood and
;eva‘uated in the context ©of the causal factors: wlthln the -
drainage ba81n. ‘The intent of these 1nformat10nalx
:guldelxnes is ‘to: prOV1de a- bas;c framework\for asse%sment of
‘salt water ;ntrnSLOnap:oplems—andexhexz :elat;onsh;pftO—ﬁhe'
total ‘hydrologic system, and to aid State authorities in
—Qeﬁelopingéatéayfde:wasté—treatmentzm@nagéﬁént:plans:inz

accordance with the provisions®of Section 208 of the Federal

Water -Pollution,Control -Act -as: Amended-.




| , " CAUSES OF_SALT WATER INTRUSION
. ' I

]
H -
i - - -

Ed

Salt water intrusion e ,;iﬁto,surfgce,origrguhd’
water iq,a-complerxsitﬁatiohchherolléd:by the geologic and .-
Qfdroiqgic—gharacterigtjcs of the area. Natural water

* systems are dynamic. They respond in quality and quantity
eb—naturai;phenbmené—and'tq,manﬁs*activities'SuCh~as—chenge8—v HK_{

in 1and use, stream channel 1inings, and consumptive

i d

. withdrawal. Identification and-evaluation of the nature and:

extent Of salt water intrusion begins with’an understanding

Y

“of ‘the general mechanisms by which intrusion occurs. e

- ~

é fii o Under natural conditions fresh grouﬁd water in: coasfal

aquifers is discharged into the ocean at or seaward of the
coastline. A balance or equilibrium tends to become

-

-established between. the fresh ground water: and the salt

%

[ ]

% . water:pressing:in from theréeaa Where coastal aqulfers are

»

--overpumped, lowered by natural dralnage, or natural recharge

is: impedea\by construction or -other act1v1t1es) the ground

- water level, whether water table in unconflned aqulfersté% vf o

s piezometric surface in confined aquifers, is lowered thereby . __

o
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reducing the fresh water flow to the - ocean. The interface
between the fresh and saline water ‘has -a parabclic form wztﬁ—
the saline wate: tending. to underride the less dense fresh
'waPer, The reversal or redue%ie; of fresh water flow allows
the—heavief-sa%ine wé%er téfmovefinto areas where only fresp—
watef'previously*exisged; ?hué, even with a seaward
pressnre—gradient,'sea water can advance }nland,z—Because of’h
the ‘high: salt content of sea water, as little as two pexcent
of it mixed with fresh ground water can make that portion of
the aquifer unusable ih relation to the U.S. Public-Health -
'Se#vice drinking water standard for total dissolved solids.

. . o by . -
Only a emall .amount of intrusion can ‘have ‘serious

- -
—

implications regarding the future use -of an aquifer as a

-

water 'supply source.. g

st e.m_z_s;...n_.ns ee.stggk -

~

~ - - The interaction of river flow and tidal currents

results in a net upstream movement Qf*sga“water:alongzthe*
K |

s E
T 1

bottom with fresh water overriding this wedge in a seaward
directién. THe position of the interface bétween the fresh.
- water and the sea water is -dependent -on channel :geometxy,.

- /

fiver'discharge, and high tide height. A &hange in any of




these parameters will cause the salt water/fresh water

-

lnterface to migrate. The most common causes of upstream
s

" encroachment of;sea—water are deepen1ng~cf,nav1gat10n

channels, construction of sea level canals, and: reduction of
stream flow. Reductlon of stream flow or deepening of
channels results in landward mlgratlon of the sea water

wedge—whrle 1ncreased,stream—flquresults in a 'seaward

*

':Migration- ‘Sea: watex encroachment ‘can -contaminate both

surface and subsurface water supplles, ‘render f1°h -and:

/\’ T T
w1ldllfe hab1tats unsultable for native: populatlons, and"‘

P - — T
o

through increased::corrosion shorten the 11fe -expectancy of

. zengineer;ng:stxgqtu;ess

r . =

Large quantities of saline water exist under.diverse

géoiogic and>hydroio§fc'environménts—in:the=UnitedéStates.

0

+ .are in- close ip,r'oicifmi”ty to natural bodies: :O’f ‘saline: —gx;ou,,rid;

water. Interaquifer transfer.of saline waters results f om .

s

- // P

- , - ” _ _ =

E - P - — - - o - e gy . - = o - - . .-

two ‘basic mechanisms. One involves the upward migration: of,

saline waters into fresh water aquifers as a result of ‘man= ‘

induced -changes in. the hydrologic pressure regime. ‘The




.

other involves the direct transfer of saliné—waters
vertically through wells or other penetrations. Because of

, . - /
the relatively slow movement of ground water, any saline
water intrusion may produce detrimental effects on ground”

water quality that could persist for months or years after

- the intrusion has.ceaseéd. s

= T B

LT ¥

— == .

; L ; o o T .
= : EXTENT OF. POLLUTION FROM SALT ~WATER INTRUSION-

3 salt water intrusion problems are ubiquitous in coastal -
| aréas and surprisingly widespread in inland areas. On the

‘highly populated Atlantic Coast, between Massachusetts and l‘
\ Floxida; each of the Statés has reported problems with sea
“ water intrusion. The seriousness of the problem is usually

dependent on- the intensity -of -urban and industrial

, /
development with its attendant withdrawal and non-return of f

Water. o . o /

- v -

: - On the West Coast, California has had many problems . -

Wwith sea water intrusion: and has spent -considerable -effort

Z -

trying to solve or ameliorate the problem. :Apélr’og,i'niételjzf
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by saline waters: containing: more than 1,000 mg/1 dissolved -
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solids, and the problem of salt water intrusion in inland
aqniférs;can be the same as in coastal areas. Only eight of

the fifty States do not report significant salt water

intrusion problems.

~ el )
uszon

JIDENTIFICATION_OF POLLUTION FROM. SALT WATER INTRU

Pl

2

~

Most intrusion of salt water into fresh water .can be

¥

ascribed to one of three primary mechanisms: the reversal or
reduction of fresh water -discharge which allows the heavier

an area where -only fresh water - *
S ' I8

saline water to-move into

‘destruction of natural barriers that formerly separated

H

bodies of fresh and saline waters; or the accidental or

inadvertant results: of the disposal of waste saline water.

‘Major -elements in an assessment -of the occurrence and

extent Of salt water intrusion should include:

|
i
f
|
/

é ! 1. -spatial delineation of primary -aquifers and

f\ . Streanms, o

éi , 2. :an@iY$i$>of?hisﬁinc31'wéter'qﬁaiity;1saIi?£éyt
/ data for suspect areas, to ustablish trends,




establishment of a salinity monitoring network for
surface and ground water,
monitoring: the locaticn of the fresh water/salt

water interface,

ibasin:wide-hydrOgeoiogic{investigations'where

S}line :}ntrus‘ion -occurs: to identify caus—a{}

factors. ' g '
\Y '

- % - {

.

:developing -coastal areas where denands for fresh water
7resu1t in a reduction or reversal of flow: grad1ent° and
—areas=of—coastatrwaterway:or—embaymentfconstruCtibﬁ,—or
deepen1ng of nav1gation -channels -where: natural barriers to

Y

zsaLt:watgr—fIOW-max=be breached fknothgx%pr;mefeggmplevof

- e

- breaching of ccnffaiﬂg;st;atazi§~ené°unteféd%ihidriiiihg:
,operatfons;'espéciaIIY'iﬁxéflfprbduCingaareasiwheréEsaIt
1water ‘may -move- groat d1stances along: ‘broken: -Or. corroded well

eca31ngs or 1mproper1y abandonded wells.- Not to ‘be

~

;overlooked -as -a: 'source of pollutlon is: any operation. that
d1sposes -of waste:saline waters,,whether -disposal is
directly to--surface streams:-or to the ground vater through:

evaporation pits or other -methods..

-~
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g

In other than .0il producing areas salt water intrusion
is seldon the direct result 'of waste disposal. More often:
. \ .

it is the natural adjustment‘9f5tﬁe—hyqr01ogic system to the

many stresses .placed uponit-\F“ndamental to an evaluation

0of the extent of'salt'water iﬂtrusion is' the need for .

]

comprehensive hydrogeological investigationszof the surfaéef
and subsurface water systems: Identification and evaluation'
of the -extent -of :salt water intrnsion should ‘be -an- integral
part of each State's water qua11ty monltoring program:
required,under—section;1064er(1r—of theaAct,—with-salrnity'
one -of the parameters routrnely monrtoreasthroughout the
water quality network. '

Y
”

“As an initial step in'the evaluation of the nature and

,
/

- -extent -of -salt water intr@§i9naétincipaI“QQﬁife:sﬁEﬁStfbe:

contour ‘maps- of salt concentration compiled. In this way,

E—

spatially defined, and historical water quality records for

;béﬁh-sgtfaceiand>groundekaters—éhoﬂl@*beﬂcorieCted;ani

| 4

enaturaiidr%base—IinevcbndttiénsfganibefeStabPisheaiandéthe—

—dtgplayedifnereIatIop—toitheawater—féqﬁifements-of the

hydrologic basin. ‘Updating: of such maps from current

;mbnitqrin9~dat!5p:ovxdesaazrapxdfxnd;catiqnvof the advancek\

-
»




-

or refreat*of the salt—water—wedge.t Under normal conditions
,mpnitoringzpoints shoﬁld»be measurédafor:salinity (or total’
dissolved—solids) or checked: for efectrical conductivity at
one to two month intetvalsa -‘More freguenﬁzmeasuiements'may
‘be warranted if enqroachmentrisfihithe7proximity—of’major 7

water supply sources. 7 . ) ‘.E

*
- -

Most salt water irtrusion problems will be -encountered

e -

-

in ‘heavily populated coastal aréas. In many cases extensive
water quality monitoring programs will have been” in effect

‘and’'will prcvide most or all of the water quality data:

. required for determining: the present -extent of $alt water

LN

intrusion in: that area. Salinity measurements: of both
surface and ground waters: shquld.be an integral part of the
-zStgte*waate:fguafityrménit6:1@@:9:99§§mf@ﬁdzth@~th§—ba§fC’A

data input fo;:qon;in@ons:evalpatfon>6f?¥hé:éxtént of salt

\ K N
‘water: intrusion. ? S

\ .
\ . - PN -3 R = e
‘An: inventory of -existing :monitoring :points for both

'5@§féCepand?g;9und>ﬁatersfﬁhi¢h=masze used in determining

:thé—saig ity-of streams and principal aquifers: should be

undertaken by each staté, and additional ionitoring stations

installed as part -of thé:Staté'S»@asé::guaIitiszﬁfthing




network where necessary for adequate spatial coverage. In
sitd—measureMent—of—electricai conductivity can provide an
indication of 'salt content in surface and ground waters

iwithout,corlecting'watet samples fo;’lapqxatde—gnglysig;

-

_ sampling information for each surface or subsurface

«

monitoring station should include:

-~

*

1. 1location by latitude, longitude and elevation,

2. stream or aquifer identification and date,
3.  depth or depths of samples, ‘
‘4. stream velocity, : : o
5. temperature,

6. relectrical confuctivity, T0S, or chloride concentration,

. -+ .

7. depth to-water table. e

Where a rise in electrical conductivity is noted,
samples: should be analyzed for increased salinity.
Automatic recording devices..can be installed for continuous

i

electrical conductivity monitoring, and should be .

&

incorporated in the ‘State's water quality meonitoring
network. ‘Any water -samples: that are taken for laboratory: =

analysis should be secured and preserved according to

o . :2391




standard methods as described inrgethdds for Examination of
‘Water and Wastes, (U.S. Environmental Protection Agency,

1971) .

'

‘Where salt water 1ntru51on in either surface of ground
water 1s suspected -or know.to exlst,‘a comprehen51ve
Ehydrogeolog1ca1 1nvest1gat1on should be de51gned to- prov1de

,requlslte 1nformat10n for plannlng and control programs.

1. the geologic structure of the surface and ground
water basins- and their boundaries;

2.  ‘the nature and hydraulic characteristics of the
subsurface formations including:

€
i
St [

T - . -
£ - - i

a.. rock type
b zaeQzéecaﬁdatypg*offPQf@sftY

d. reservoir —pregsuté

e. -degree of hydraulic -continuity with: surface

- waters.




directions and rates of movément and seasonal

£ luctuat§.on S

4. surface water -and ground water quality,

particularly natural chlorides content;

< *
o

. 5. . sources, locations, amounts, and quality of
natural recharge;. .

6. locations, amounts, and quality of artificial

recharge;

A o . N
.

- T.. locations and amounts.-of -extractions.

Historical information of this type is generally

"available, to:some degree, in published form from Federal,
~ State;—and-local agencies: that are -concerned with- water

z e

resources. Additional. information of this type can-be _

~derived from a variety of investigative techniques including .

but not limited: to:

¥
1

1. -geologic reconnaissance,

}

o 1,37273. ) ~




P L
2. ,geophysicalzsurveysi —i ‘%
"3. examination of well logs, §

X 4. test,holes, é
. S. 'werlﬁpumpinqztestsi ) ’ .
| %. measurement of sprface—and'groﬁnd ‘ s :
water Ievelsg, - )

7. chemical'analysis'ot'samplesofsurﬁace

; and ground waters, 7

.. 8. ‘analysis of ji?!-'@‘?ipﬁ?t,i@ﬂ%—étﬁé ronoff records. .

'Techniques for -predicting: the 1ocation and extent of

salt ‘water intrusion mainly rely-on mathematical analysis -of

—aquife:,and—st:eamapargmegers.:and tiégl—cha:ectegistips- ' 1%
The level of sophistication and predictive ability of = i
;anai}tical techniquéswVaries-ffom~simple"extrapolitfon of

the: time ‘of -arrival of the salt water/fresh water interface:

- at successive ‘observation: wells to. h{phly complex numerical

zmodels -of the -entire hydrologic system. :Discussionfof,thez

application of these techniques is beyond the scope -of this

- ?—report but selected references to/ detailed explanations arei
/

included: at _the: end of this section. ‘ N




‘The- areal extent and depth of detail of the
investigatzons will vary with the extent of the uater basin
‘:or aquifer that has been or may be affected, and the present
Vzendiprospective'uses Qf'the;gater resources. The
" investigations sﬁould?bg-ézsggﬁéaftéldgfine therﬁatgr:budget'
vof the basin—orﬁaqutfér in'suffigient—deteil’to:ailoéi
,predlction of the volumes and rates of -surface an? ground
‘water flow necessary to arrest and reverse, the salt water
.advance. Such information: w111 ‘be an integral part of the
—aatafbésé—usediinfbasinzwiaéf?ﬁtef:u§é<ﬁlann1ng;:manggementp
and pollution control programs. - |

it

As surface and ground waters are integral parts of the

Asamehydrologicwhole.»qhinqqgiﬁthesalinitYCanentration

of ‘one will most IiBEIx;affth?tbé=8aIinitY>¢Qh9%ntratio§fo

the other. 1If tne~object1vewof,é-sait;wafér'iﬁtfuéian?

control program is to-maintain zero: increase in the salinzty

/

of fresh water resources, thls ‘objective is seldom
attainable:-especially in: areas of ‘high water use. ‘Nor is it
possible to define a single optimal or tolerable salinity

concengrationfor"freshwaterS"}Theseconcehgrationsaré

1
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dependent on the use that is to be ‘made of the water. Wdter
devoid -of dissolved ‘materials is 1ntolerab1e in nature

because pure water will not support life. Natural waters

contain endless var1et1es of dissolved mater1a1s in:

COnEentratlons that.differ widely from one 1oca11ty to
R B
another as .well as from time to time. The: chlorides,

'—sulfates, carbonates, and' bicarbonates of sodium, gotassium,

.

zca101um, and: magneslum are generally the%most commdnasaifs

‘present- D1ff°rent ‘organisms. vary in: their opt1mum -salinity

3

requirements as well -as in: their ab111ty to live and thrlve

under variations from the -optimnm.

'
- - b -

fAny'evaluatiOnaof'thé*potentiaI effects of salt water
1ntru310n ‘must ‘be performed: in the context of its effect -on:

the: total dissolved: solids. of the rec91v1ng-water and the

-~

‘water use: requ1rements.

I

1

Optlmal and tolerable salinity - concentratlons w111 be e

;different for -such uses:‘asy publlc water supplles, f1sh and-—
‘wildlife production, and agrlcultural ‘uses.. Waters Wwith
less than. -about? 500: mg/l total dlssolved ‘solids. are
'generally considered -suitable forfdgmesttcepu:pgsesrﬁwﬁiie

waters with greater than about 5,000 mg/l TDS generally are

2
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unsuitable for irrigation purposes. ‘Maximum salinity

. - . ~ . B

concentrations for livestock consumption vary from less- than
o AR i .

3, 000 mg/1 TDS for Fultry tO*asrmuchfas 12,000 mg/1 TDS fér

sheep. ‘A more detalled analysis of salinity requlrements
Criteria, (U.S. Envirbnmental—Protection'Agency% 1972),

-

E

A=

£va1uation;0f the*natdre,:egtentsandfegfectsjof salt
‘water 1ntru51on may vary from. slmple plots: of water quallty
that 1nd1cate the posltlon -of the salt water/fresh water
‘interface to sophlstlcated mathematical models ‘of the entire
'sgrface and ground-water basln. :SQQQ;models:gan,pe,gsed,to
predict thevresp0nsee6f theasaiinityaconceéiratipn:gQ:
various: types- of ‘stresses at any p01nt in the system and
allow for long-range basln p’annlng and:: comprehenslve
'1ntruslon control programs. ‘The -degree og sophlstlcatron~gﬁ
analysis requlred will vary in proportion to- the complexlty fj
. -of the ‘hydrologic system and’fﬁe ‘water demands for the area..
;Regérdhéssf of the level of analysis involved the objective

—of the w%ter quality monitoring and: hydrogeologlc

investigations should always be to- relate salt water

»,

%
intrusion to: its -causal factors. only in this way can water

use planning be accomplished in-a manner that will maintaln
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the hydrologic balanées.necessa:y—io—control salt

intrusion.
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‘Sources of Additional Information
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Fayers, F.J., and sheldon, J.W., 1962, "The Use of a
High Speed Digital.Computer in the Study of the - .
Hydrodynamics of Geologic Basins": Jour. Geophys..
Res., V. 67, no. 6, p. 2421-2u431. T o .
Freeze, R.A., 1971, "Three-dimensional, Transient,
Saturated-Unsaturated Flow in a Ground Water Basin":

Water Resour. Res., V. 7, no. 2, p 347-366.

Freeze, ~.A., and Witherspoon, P.A:, 1966-87
n#Theoretical Analysis,of,Regional—Grdund~Water_Flow":

Part 1., Water Resour. Res. V. 2, no. 4, p. 641-656,

1966 Part 2, Water Resour. Res: v. 3, nos 2, p. 623=

634, 1967 Part 3, Water Resour. Res. v. %, no. 3, ps
'581-590, 1968 T ’
Ippen, Arthur T., "Salt-Water Fresh-water Relationships
in Tidal Channels", Proceedings of the Second Apnual

3

ster Resources Conference, 1966.

Kashef, Abdel-Azis, F., "Model Studies of Salt Water
Intrusion®, Water Resources Bulletin, Vol. 6, NO.. 6,
PUY=967, 1970, T

pinder, -George F., "A Numerical Technique “for

‘calculating the Transient Position of the ‘Salt Water

Front", Water Resources Research, vol. 6, No. 3, P 875~
882, .1970. = S i
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Pinder, G.F., and Frind, E.O., wapplication-of

Galerkints: Procedure to- Aquifer Analysis": HWater
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This information ‘has been. prepared: by the United states
'Envzronmental Protect1on Agericy in response to- the
frequlrements of Section 3oa(e)(2)(E) of the Federal Water
;Pollution ‘Control Act as Amended 86 Statute 816 33 U.s.C.
1314 (1972). ‘Discussed ‘herein are processes,. procedures,

and methods for control' of pollution from salt water f‘jf‘/

,intrusion. The purpose of this information is to: provide a

s t‘ﬂv; 73 =

‘basic framework for assessment of -salt water intrusion”" —
;pxoblems and their relation to- the total hydrologic system._
and: to- aid State authorities in developing»sait—waﬁer
1ntrusion -surveillance and: control programs in- accordance
with: the provisions of the Act. The ‘treatment of the- toplc

is not intended to be comprehensive or .exhaustive, since

—this ‘would: take many volumes. Rather, the intent is: to- be
—asac9ﬁ0i5é~§s>§ossible;—addrgssinéithpse aspects felt to be
—most'iﬁbortant,»wfthf1ibé:§t:usexof;seleéted=:ef§:enceéif@t

more_detailedexp%anationS- Revision, expansion, and more

¥
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“detailed treatment of seieéted~aspecls—of—salé,water
1ntrusion,control will be—aécgmpliahed under the provisions;

of the Act that require periodicrupdating,of such

information.
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WATER_QUALITY AND POLLUTION

The quality of water refers to its chemical, physical,
-and- biological .characteristics. —All:natg¥;11y:occu:rin§
'wategézcontqih~dtssolved'mineral;c@nStituents, all possess
,characteristigsisuép—as—tempe:aturé; taste, and odor, and
gome—containworganisms such as bacterfa;h ihe natural =
qualityofwaterdepénds‘uponitsenvirpﬂment.movementoand
Source. ‘For the purposes of this report, pollution fs  ~
:deflned -as: the -man-induced: degradat1on of the natural
quality of water. :Theiparticglas%usé—t9=ﬁhi¢hawate::caﬁ¥be'
placed depends, of course, upon its quality. However, the -
iari@us~¢ritétia-defining—thé-éuitabflitysof:afwatér’for
:munic1pa1, 1ndustr1a1 or agricultural ‘use are -not cons1deredz
in descr1b1ng pollut1on. Instgad;,thézmgagurefog@péliﬁtigg;
- is a detrimental chaﬁgefin»the~9iVénfha¥0ra1'qﬁarfty>of
:gatera This may- take the form, for -example, ‘o0f an 1ncrease

in chloride -content, -of a: rlse in temperature, -or of the

%

~addition of E. coli bacteria.




Hydrogeological Investigations

R—fdndamental—congept,appliCablg to:almésé all water
;poilution,cohtrol‘situqtioné,and'inﬁezent in all of £ﬁe
,pzoéesses; procedures, and. methods for controi'of salt water
intrusiéh-disqussed in this report is tyelneed—fér
comprehensive hydrogeological investigations before initia-
ting control procedures. The geologic and: hydrologic
environment of each water resource system is unique: -Ground

‘water systems are far more complex and slower reacting than

L4

»

surface water systems.

¥
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_ Water resource systems are dynamic in nature. fsquacéf
—and>§§9uhéééatér resources are integral parts of the same
éhydtbggolégicalzqhore@'}Tbei—respénd;bothziﬁ~éuantityfandi
iqnéliti—tovnaturai;Phengﬁehaaahd?tQ%mah1$:@¢tivitiesz'
including: changes: in land use, stream: channel ¥ini§gi~an&
zaztificfai recharge. —Quafity*changes:résult ffom~é:va:iety

‘of causes -of which: waste -discharge is:-only one.

LS ) o t

ﬂevglbpedzgtqundﬁwgter—Systems éreﬁSubjeCt tOfbbihz

seasonal cchanges and long: term trends. In the case of salt

water intrusion, pollution may not be the result of waste’
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discharge but rather*thénaturai\rgsponSeof the hydrologic
syste@;to the'varibus stresses placed upon it. 'Because;of,
the dynamic nature of water resource systems, the historic
'béhé;ior of the systemé involved must be—étudied as well as

future responses to anticipated changes in man's influences.

‘The longer the period and the more extensive the available"

records, the—betterrwilfqbe'the:evaiuatign of the system.

periodic reevaluations are essential for the eventual

_elimination of pollution. Regardless of the level of

sophistication of analysis required the’objective of the

,hydrologic investigations 'should always be to relate sailt

water intrusion to its causal factors.

“




. SEA_WATER INTRUSION IN: COASTAL AQUIFERS.

Sgo;g;@frthg=ProbIem

Undé:‘datufgl conditions frgsh,gfougg:ﬁageg in coastal
aquifers iéfdischarqedfinto,the—ocean at or seaward of thé
coastline. If, however, demands by~mah for ground water
become sifficiently large, the seaward;f}Qw:of grounéléater

is decreased or even reversed. This allows the sea water to

_advance inland within the aquifer, thereby producing sea

/

-

r

water intrusion.

-

This $ection briefly describes the history of sea water
| - R R -
intrusion; occurrence of such. intrusion in the United
-States, and the -environmental consequences, causal factors,

-and movement of Sea water in the underground. Thereafter,
S
-control methods: -and monitoring: procedures- are ‘presented;
. togéther with references to sources of additional
information.
Emphasis in this section is on ¢ontrol of the lateral

movement -of sea water underground. Controi of vertical flow:

mechani'sms .causing: intrusion are presented: subsequently.




. History :
o y

éea;water iptrugipn déve;obed as costal population
Acenters—oyer¥de6elopeé'10ca1 groundzwatéf—resourceé—to,meet ‘
the{r water supplyineeds;' The—earlfegt,publiShedegpbrts; -
datingff:om*mid-19§h century in Ehgland; desqribsfincreésing
salinity of well waters in London and Liverpool.’ As the °
number -of localities experiencing intrusion has grown

§t§§§f1¥iw§thftfﬁéifSQ”hagfféCégﬁigibnagf the ‘problem..

~ Today, sea water intrusion -exists on aall .continents as: well

as: on .many- oceanic islands.. /

-

~

; ;- 7 | - |
- More than 70 years ago two: European. investigators found

that saline water occurred underground neai the coast at a
depth of about 40 times the height of fresh water above sea

level. 'Thiézdfst:ihutionf?kngwnraéftbeiéhybeniﬁe:ZDéigz

'\
T

. “relation after its discovers; is relateéd to the hydrostatic
_equilibrium existing betweén the two fluids of different’
densities. Although coastal intrusidn is a hydrodynamic

rather than a hydrostatic situation, the relation is a good

~ Eirst approximation to the sea water depth for fearly

horizontal flow conditions. Where head differerices in the"

=




. .
- two fluids exist, refinements;én'the relatiOna(Luscynski'and' ' ?1
'Swarzenski, 1966)- give inproyéd results.
Intrusjon in the United States ° I
Almost all of the coastal states of the United*States %
‘have -some. coasfal aquifers polluted by therintrusion of sea vffm—\f
water.,. Florida is-the- most seriously/affected state,
followed by zcafliforn—ie-gr !;'e,xa,s,e: New: York, and Hawaii.

The'Florida: problem stéms from a combination of
‘permeable limestone\aquifers, a lengthy coastline, -and the
‘desire of ‘people to: live -near the ‘Pleasant coastal beaches.
Intrusion has ‘been: identified in 28 specific locations
{Black, 1953). 's,om,e: 18 municipal water ‘supplies fhavsfbe,ene
'&QVQISQiyf@ffég}édasince'fs?uar inithefMiami'§§£3:fnt:ﬁ@ign;
fhaszlongabeenwa»problemaandiwasfsériOusly—augﬁentedﬁby
interior drainage canals which lowered the water table and
permitted sea water to advance inland by tidal action.

In California, the large urban areas concentrated in
the ‘coastal zone have caused sea ——,wa’tje,fr intrusion-in: 12

localities; seven others are threatened, and 15 -others are .

b4




regarded as potential sites (Califorhiane;artmeqp of Water
é ! nResouiceé, 1958) . Most -of the ‘affected areas contain
4 confined aquifers, and—salinigy'increaseS'caﬁ be traced té,ﬂ
the 1lateral movemént,of—sea‘watgr'induced:by—overpumpingp |
'ng?r,programs to control intrQSion'have:beenzimplemEhtedzin
'Séptﬁginréai}fornia. In Texas, intrusion is:occufring—in—
thééé&yestou, Texas City, Houston, and Beaumont-Port Arthur

areas and around Corpus Christi. =Saline water is moving up= .

dip-from the Gulf of~Mexico: in the confined Coastal Plain

LN

;sediﬁeﬁt§w ‘The problem: in: New York is centered .around: the
periphery of the heavily punped western half of Long Island:.’
The basalt aquifers of Honolulu, Havaii have been
eitéh§ively—ihtrdaedvbg:Sea?watgrfdgeztg continued: overdraft

-

-
>

-conditions. .

i

%

Environmental_Consequences

}'Secau§e=Qf its ‘high salt content, as little as two

that portion: of the aquifer unusable in: terms of the U.S.

Public Health Service drinking water standard for total

digsolved solids. Thus, only a sma¥l amount of intrusion




‘water supply source. ‘ -

K,control ‘mechanisms, the normal movement of ground water

—water, ‘Prolonged: abandonment or restrlcted use of the V

;underground resource may ,be Tequired.

Caugal Factors I

,aqulfer.

a

‘can seriously threaten the continued use of an aquifer as—a

Once invaded by sea water, an aquifer may remain

polluted for decadés. ,Evenrwith,appiicationfof various

precludes any rapid d1sp1acement -of the sea water by fresh

-

A

-,
= [
- =

The usual cause of sea water intrusion in coastal S ERL
aqulf%r isfover-pumplngr,—Pumplngzlowers—the:groundwwater “-

1eve1., “The effect is depresslon -of the ground water table S

i

in: *u%conf;ne,éz aquifers :91; alterations of the b iezometric

surface in confined aqulfers. Either -event will reduce the
< fresh water flow to the ocean. Thus, ‘even with a seaward

gradient, sea water -can advance inland. If pumping is

sufficiently great to reverse the gradient oceanward, :—f:;é‘,sﬁi ‘

‘water :movement ceases -and’ -sea: water ‘may invade the entire

hTs
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In flat coastal areas, drainage channels or canals can

- -cause intrusion, in two ways.. One is—ghé:reduction¢inswater
table eleVétioﬁxand'its aéspciateQ'dgcrgase i? underground
-fresh water fioﬁﬁ\'Theother is tidal ;étibq; If the ~

,:chgnneIsfafé—open;to the aéean, tidal action can carry sea

. -water loandiétances inland'through,the;channeis;—wheré it”

- may infiltrate ané—fdfm,fingers;of saline water adjoining

£ 1

the channels. : .

P )

In most oceanic islands fresh water forms a dens

overlying sea water: If a well within the fresh water body
is pumped at too high: a rate, the underlying sea water w1ll
 rise and pollute the well. Wells can also serve as.means Of
vertical access; sea water in one aquifer may move into a
fresh water aquifer lying above -or :béIOQ—\the— saline zone..
; N\

~ Bollutant Movement . “

: ‘The .interface ‘between underground fresh: and saline-
' waters~has: a: parabolic form. The saltiyater tends: to.
underride the less-dense fresh water. Under equilibrium

-conditions, the sea water/fresh water interface is:

-essentially stationary, while the fresh water flows seaward.
- B t
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The length of the intruded wédge of sea water varies

inversely with the magnitude of the fresh water head. Thus, %

'a reduction of fresh water head is sufficient’to cause

»>

.intrusion; reversed flow is not required. .

‘Because-sea water intrusionirepresents displacement of
miscible liquids in porous meaia,_diffusion,and'hydrodynamic

dispersion tend to-mix the two fluids. The idealized

-

interfacial surface ‘becomes a transition: zone. The

thickness of the zone is highly variaktle; steady flows

minimize the thickness, but nonsteady influences such as:, :

pumping, recharge, and tides increase the thickness.

—————

ition: zones range from a few:

‘Measured thicknesses of trans
feet,in_@hdéVeInggi5andgxaquffgrs=to>hundreds—gf feet in

-overpumped: ‘basalt aquifers. , e

e >

-

— 2

*  Flow within the transition.zone varies from that of the

;ﬁreghxwater?body—at the ‘upper éurfaqé;§0zneg:=zer9aat—thg

lower surface. The movement in the transition.-zone

-

transports salt to the ocean. <Continuity considerations

éuggést that the salt discharge must come from the

upderlying sea water dispersing upward into- the zone. It

follows that tHlere must be a landward sea water flow as -




-

sketched in Figure 1.

This. circulation has been verified -by
a field investigation at Miami, Fl_orida (Cooper, <t al,
1960) .

GROUND SURFACE

l WATER TABLE

-« e

"FRESH WATER

Flgure I. Schemat1c vertlcal cross:sectlon ShOWlng
fresh water and sea water -circulations with a
transition zone.

ggnt ol. Methods

%

ﬂsvptiety:ofzmethods:haVefbeenfpiépésed%or—uthizéd:;o—
- -control 'sea water intrusion.

If pumping from-a coastal

'ground?wate: basin is réﬂucEQ~or relocated, -ground

water levels can be :caused to rise. With an increased

Vid




seaward hydraulic gradient, a partial recovery from sea
water intrusion can be expected. Figure 2',ii]£1usi:r'ates
N ‘the effect of —movi'r';g pumping wells: inland in a Véo_gﬁtal

confined aquifer.

PUMPING WELLS\} ' GROUNDSURFACE

"~ /-PIEZOMETRIC - 7 .
~ SurRFAcE / 1 E

o,
e

~ " SURFACE

| +—-AQuIFER="" |

F Vsatr-waTeRwebae
¥ ot

Figure 2. Control of sea water intrusion in a -confined
aquifer by shifting pumping wells. from (a)
near the coast to. (b): -an' inland locatlon
(Todd, 1959).

)

Artificial Recharge 'Sea water intrusion can be controlled
by artificially recharging an iﬁt%udéd?aquffertbx'the

use of surface spreading: areas or recharge weils. By

¢
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offsetting potential overdrafts, water levels and
gradients can be properly maintained;r,spreaé;ng—axeas

_ aggrmOSt suitable for recharggng uncorifined. aquifers;
i s I, . ) ) / -
and recharge WQlls'for—cénﬁined'aquifers,’
./

. Fresh Water Ridge Maintenange of a fresh'water ridge in-an
,aquffer'parallélingzthé—cqast—can Ccreate a hydraulic

barrier which will prevent the intrusion of sea water.

z

A line -of surface spreading: areas would:-be appropriate
for an unconfined aquifer, whereas a line of recharge
wells would be necessary for a confined aquifer. - A

schematic cross: section of the flow conditions within a -

- confined aquifer is shown in Figure 3. With a line of
irecharge*weIis:patatlelingrthgigoaSt. the ridge .would
:consfstsof—a'seties=§fzpeaks«and%séddlés>iﬁ'the )

~piezometric surface. The required elevation of the:

saddles above sea level will govern the well spacing

-and recharge rates required. The ridge should be
1ocated inland of-a saline front so as to avoid
displacing the séa water farther inland. ‘Thig§ control

method has the advantage of not restricting the usable.

:grbuﬁéiwaggr—Stégage;CQPécitzi ‘The disadvantages are .

- . - -




‘Supplemental water which may ke lost to the sea. -

high—installatidn and operational cost and the need for

. %

e

RECHARGE WELL
. GROUND SURFACE

/jwlszqngr'nlcsunrmg

RIDGE LINE

AGUDFER -—

‘Control of sea: water 1ntrus;on ‘by-a line
-of recharge wells: to create a .pressure
ridge parallellngtthe -coast (Todd.
1959).. \

- . (B
\\‘

Injection:wefis-have*beenzextenéiVerﬁ?andﬁsuCéeésfuIiy

A new -

zptOQECt—unde:way—inﬂo:angeféountx,:Calffgtnig,rqiii

inject a combination of reclaimed wastewaters and

desalted sea water (Cofer, 1972). Details of well

‘construction are available in a report -on the Los.

‘Angeles West Coast Basin barrier (McIlwain et al,

1970}:.




i
&

wells may be constructed adjacent to and paralleling
the é&ast aﬁd puﬁpedrto form a trough in the'grouhd—
water lével. Gradients caﬁ,beqcreated—to ;imit sea.
water intrusion to a stationary wedge inland of the
trough, such as illustrated'in rigure 4 for a cousfined

‘aquifer. This method reduces the usable storage -

 capacity of the basin, is -expensive; and wastes the
mixture of sea and fresh waters pumped from the trough.
The*ttdggthQﬁhOdfhésfbéenaSﬁéQééanliy*téétédrat one:
" Iocation on the Southern -California coast {(California
Department of Water Rescurces, 1970).
] ‘T AQUIFER
"N STABLE FRESHWATER
ER  SALT-WATER.
__ WEDRE
Figure 4 Control of sea water intrusion by a line -
- , of pumping wells ‘creating.-a trough:
paralleling the coast (Todd, 1959)-
36




/

Cqmbipag;gn_;njgétiéhfggtra¢tion:§arrier Using the last two

methods, a combination injection ;idge and pumping
trough could be formed by two lines of dglls along the
coast. Figure 5 shows a schemétic ctoss:segtion of the
‘method for a confiﬁed,aqgifer, Both extraction and
recharge rates wbuld"befsoﬁewhat reduced over those
required using either ‘single method. Thé total number
—ofiﬁeils'rQQQi;édi:ngvéverfiwquldv5é~sub$taﬁtiailx

increased.

"EXTRACTION FIELD-
“IN BASIN:

S + .GROUND
| Gl ‘SURFACE

Figure 5 -Control of sea water intrusion by a
- combination: 1n3ect10n-extract10n ‘barrier
using parallel -lines: of pumping and:
recharge wells (after California
Department -of Water Resources, 1966) ..

< 4
\
H
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’ Subsurface_Barrier By constructing an impermeable

,;subsqrface barrier through an aquifer and parallel to
the coast, sea water wbuld'be,prevented'from entering
T the ground water basin. Figure 6 shows a- sketch of
such a barrier in a -confined aquifer. A barrier éould
;'bevbuilt using sheet pi%ing, puddled -clay, émuiéified

asphalt, cefment grout’, bentonite, silica gel, calcium

~

acrylate, or plastics. Tleakage due to the cé;iosiV§

§ « actionof‘Z;a.waterortoeartﬁquakeswould,needtobe

| consider:finabarrierdesign- The method would prove
most feagible in 4 narrow, shallow sinuous aquifer
connecting with a larger inland aquifer. Although

expensive, a barrier would permit full utilization of
¥

an- aquifer.




GROUND-
SURFACE

 PIEZOMETRIC
_ SURFACE™)

FRESH WATER

gy

periods of high tides.

-of -each. channel.

5. control of :sea water intrusion by

. ‘construction of an impermeable
‘subsurface barrier (after california
‘Department of Water :Resources; 1966)..

Fd

Tide .Gate_Control Wherever drainage channels carry surplus
éwatersafrbmzrdwéiyingriﬁlanéia:easftO—the»cééanv there

is a danger of Sea water penetrating inland during

is -often the case, the sea water may immediately invade
the adjoining ‘shallow aquifers. To control such

intrusion, tide gates: should be installed at the outlet

N
‘These will permit drainage water to

be -discharged: to- the -ocean- but prevent -sea water from:

advancing inland. This control method has -operated

‘successfully for many years in the Miami, Florida,

area.

If the channels are unlined, as



Monitoring g;ocedgggé,

b 4

intruded zone should be measured. Data will bé r :
ground water levels and chloride concentration. The

V&rtféﬁisﬁfbfffé?éﬁlthéft?%ﬁﬁitfbﬁizohefshgﬁld‘be*detérﬁiﬂédé

7/ at a few key locations.

In general, observation: wells should be located so as
to provide a comprehensive picture of the local iﬁtrh;t@b
situation: alonsfanx'Iiﬁengigontgqli'bafihg~segwatgfsfgel
andonthelandward’side-‘Thenumberofﬁellsrequiredqan
vary with individual circumstances; however, the fact that
30observationwell?»werggdrilledforeéchM11eofrecharge'
line in the West Coast Basin of Los Angelés (McIlwain, et
al, 1970) is indicative that a reasonably dense: network may

~

bé requ ifed-
‘Observation wells: should ‘be -measured for ground water
levels and chloride concentration (or total dissolved:

. solids) at intervals of ohe to two months under normal °

.

=




circumstances. Electrical conductivity logs should be run
in selécféd wells on a -similar frequency.

-
- A -

Most observation wells for the Los Angeles injection
barrier were cased with 4-inch PVC:pl%stiC-plpé in a gravel-
packed and grouted l4-inch diameter hole (McIlwain, et al,

1970).. For 'ecoriomici; reasons multiple casings into as many
as three aquifers were placed in the same:drill hole. This
.iéquitédié—ZZiinCh*diaﬁéter'dtfllihOIQYWiib?eaghﬂQfftbe

gravel-packed casings grouted between the aquifers. to

" prevent communiciation.
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‘History 3“@'$¢92§ of the Problem

EStua;ies—of large -rivers have since'ancient—times
offere ‘convenient shelter for sh1pp1ng and provided harbor

'locat1ons for ‘commerce 1n1and and overseas. Assoc;aged: N

‘.

structures and :—f@cil;t,:es— remained of -modest size until the
relatively recent advent -of deep-draft vessels wh1ch have
jnece331tated ‘exter:sive deepen1ng of channels, and hence o
1nterference with the natural equ111br1um ‘between-tidal-
currents and fresh water flow. The construction -of canals

to conduct sea water inland. 'otbe,: fman?m;de—:chanqes;,—inz the:

[

upstream environment; contrr: of fresh water flow for

irrigation, water supply. hyaro-power and: flood ¢ontrol, and

increased consumptive. withdrawal of both surface and ground

waters have :served: to: decrease stream -discharges alter the

‘natural time sequence of hydrological events and further

1S

-disrupt the matural -equilibrium where the fresh water meets

the sea.




This-section briefly dis?usses:the causal- factors and

pollutant movement assoclated with upstream encroachment of

sea watemrand 1ts‘env1ronmenta1*consequences, Thereafter,

. . . L& _ . )
control methods and monitoring procedures are presented -
KN ~ . / 4 -
. together with selected references to sources for more

*

A=*+2iled information. : :

T

Encroachment 1n the Un1ted States

-

In—the:United'Statésfhgstteam—migrationséf sea water is
-concentrated: pr1mar11y on the East and -Gulf coasts but is
: also-known -on the West ccast. Nearly all of ‘the coastal
: ibszat?vaetwsénéNewfﬁampshfreaandzLonrs;ana:have—hadaproblems'
of this type€. -Streams of low -gradients which.are
characteristic of the—gentiyislépingacoastal:pIainfof‘this

>

area requlre only moderat: reductions. in flow: for sea water
é; : encroachment to'tage:placer In recent years, durlng '
7 ‘extended dry p riods. sea watoréhanmigratedﬂup,theiDelaware
River mnearly as far as Philadelphias 139ri36*h955h3§'58V§r6
searwater:encroachmenttprohlemS»causedtby:cgnstructtcnrof ]

drainage -canals and channels; and harbor and channel

dredging has-inéreased the salt water encroachment problen

——EY




in the Patapsco River in Maryland. These are but a few

representative examples of numerous incidences of sea water

encroachment along the East and Gulf Coasts.

Environmental Consequences \

:SaIihfty—Of—aqhafiC*thirOhment$>§Ed*mayarender,fis;éf
wildlife habitats unsuitable for native populatign:

water encx?achment—can’contamin@te*hﬁman:ahdéégfiéﬁltnfai
'water'suﬁpries~ne¢essitating>CQStIY—treétmént:or'reloCatiOh
of'intakezéoints; Increased 'salinity in the ‘upstream- ¢

fenv1ronment results 1n increased: -corrosion .and shorter life

expectancy for engineering structures. Because: of the -high
8alt content of;Seavwaterj'eXffltratiohvtO—the—groundiwater
from tbe advanc1ng -g8ea water wedge ‘can--contaminate. fresh:

-ground water- supplles and 1eave them unsultable tfor domestic

down- stream. ;




« S~
‘Ccausal Factors_ and Pollutant Movement

Upstream migration of sea water is generally the—feSult
of man's 2lteration of the hydraulic equilibrium that exists
between the fresh water and sea water regimes. “The most
common: causes of sea water encroachment ih*stream§~axe
—dredging,of navigatioh channels;—gonstruction ofisea level
canals, and reduction of stream flows

i

Fresh- v;;ftei.and sea water, being: of -different
densities, when :b’roﬁght together'—unaér stable -conditions
: tend not to coalesce but to fom: a. dlstlnct 1nterface.

A Normally, maximum tidal velocities are hﬁch larger in the

‘estuary portions -of rifvgfsz than: the mean vel\ocltles by '—whi’ch;
; fresh water flow reaches the.sea. The tidal ve}®‘i~ties
: "ﬂéscfrlafe the salt water wedge back andfe}Ehwithtiaal

stage and in doing- SO generate 4urbulent shear flows. that
‘cause mlxlng -at the ‘salt waters/fresh water interface. If
the tidal shear flows are weak and unable to.——overgpme' the
stabilizing effects of the density difference —betweén— the
sea water and the fresh water, a stratified condijti'or;*:‘yfth a

very thin zone of mlxlng between the fresh water .and the\sea

water results. If the shear flow induced: by tidal action is

\
\




sufficiently strong to ovg;Come the stakilizing effects
caused by the density differénge—between the two waters,
increased mixing results and sea water eéncroachment is no
longer cha:gcteriZedfbg a- distinct interface but by a broad

zone of mixing.

The interaction of river glow,apa'iidal,cu:;epts
resuitsinanetupstreambottommoyement of sea water with
fresh water overriding this wedge in a seaward direction.

':Thevp@sition—of the intexface between the fresh water and
sea- water is~depeﬁdent on channel geometry, river discharge,
—andihigh;tide?heightt zArchénge'ih-anyfof thesetpaxameézrs
will cause the salt.water/fresh -water interface tQ:migraté;-
:Reductibnzof,st;eam>fIQWaot:deggghing;qf—chann91s results: in
1§ﬁdg§§démfgration~9f*the:séaawaterawedgé—whfléjincxeasedz

-stream flow results: in a seaward migration.

I
I
. -

Control Methods - '

Methods: for control of :sea water -encroachment in
_ [ . e .- i i . . i
streams:relyaonama1nta1n1ng-adeqqate fresh: water flow or
construction of physical barriers to prevent migration of

?the'seaawaté; landward. Maintenance -of fresh water flow

48 ‘ /
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-

- generally can not be achieved by any single technique, but

:eqnires:bésin wide management of withdrawal, recharge, and

- _storage of both surface and ground waters. Since most

surface streams receive part of their flow from the ground
water reservoir éaring all or part of the year. any o
procedure that recharges the ground water system will'a;éo
aid in maintaining stream flow and in retarding: sea wéter
" -encroachment.. Thee?timarx'eIémént$ﬁof'basin—wide:watef

management that ‘aid: in controlling sea wate: encrocachment in

streams include the following: >
I

‘Ground Water Recharge The ground water reservoir can be

thought of as the regulator of base stream flow.

Much of the water that falls -on the land

percolates to ine*grguﬁd*watet reservoir and is
—slbhly—andzsteadi%yfdiSChafged to surface streams. -
If the ground water reservoir is depleted throv
paving -of large areas: and diversion -of
—pgecipitationftp:storm:sewe;s)—wiger is -not

"+ available in the subsurface to-maintain--sufficient

%streameﬁlow tc prevent sea water encroachment ,

during dry periods. Much of the water that runs

*

Q Yo
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off during storms—can~be—dive§teditqfthe_
'subeurface—by coﬁStructien of/recharge~basins.
This technique is “artzcularly -amenable to highway
’storm dra1nage and is thoroughly discussed in a
report by Weaver (1971L: The—recha:gerof—high

quality waste waters such as cooling waters or

tertiary treated sewage by the use of recharge

wells or surface spreading-also aids in
maintaining the subsurface water supply. These
techniques are ‘discussed in the section on:sea
water intrusion into coastal aquifers.

.

Surface water Imggundment and Regglated Release Stream flow

-can ‘be regulated and ‘sea ‘water -encroachment -
J

' retarded by impounding excess surface waters:

- ~

during: periods of ! igh runoff and releasing. these
:wate;szdﬁ;ipgipe:ieds:offlow'atream:flcwr ‘The-
economics of such projects and the large volumes
fof*wafe:*tequi:§d=géneraiixzpreélude~their
undertaking: solely for sea water intrusion
control. This contingency, however, should be
incorporated in plans for impoundment structures

for flood control; irrigation, and recreation.




Tide Gates and Locks Where channels with low gradients meet
the sea there is alwayara Ganger of sea water
encroachment during periodsaaf high tide and low
flow. The installaticn of tide gates for control
of such encroachment is discussed in the section
on sea‘water intrusion into coastal aquifers. Sea
—watgr can also migrate upstream~through navigation
locks in sh1pp1ng canals wher water is taken into:
the locks from the seaward ‘side .and released on:
the landward side. ’frh,ls type of sea '—water'
‘encroachment can be reduced or eliminated by
.controlled £illing and-emptying -of the locks.
These tgchnigueswagE4discussgd—in—:epqrtsfpg

Blanchet and’ Quetin (1972) and Bogges (1970)..

:Mon'itoring Procedures.

‘A monitoring ‘program should be an integral part -of any

program for control of sea water -encroachment. :Monitgringg o

should be sufficient to determine the location and geometry
of the salt water/fresh water interface at any t1me and to-

relate movement of the interface torthé:causal factors. In

‘{gehefai,—monitoring-points,Shouldébe located on the landwaxd -




side of locks and tide gates and near the mouths of tidal
chénnels to give a longitudinal profile of salt
concentrations in the upstream direction; The number of
anité;ihg points required will vary with local conditions
and extent of sea water encroachment. ,Ménitoring'poin;s
should be measﬁred for chloride levels (or total dissolved
solids)- at monthly intbiVals—during*noxmal conditions and

more frequently when sea water is actively -encroaching.
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Scope_of the Problem !

Hydrologic data accumulatedéiﬁ,:ecent'years'ihdicate

4

that large quantities of saline water exist under diverse

geologic and hydrologic environments in the United States. -

§ Most of the nation's largest inland sources of fresh ground

b

water are in close proximity to natural bodies of saline

ground water.

Saline water is an inherent constituent Oof marine-

—derivedrSedimentaty:zoqks;which—f@?m~39he~§iqgifiéant

aquifers exploited today. Waters with high natural mineral

content can be found at relatively shallow depths throughout

large pportions: of ‘the United States. %f:eshfwat§t=:égbg;gef

%ha8~flu$ned=mnch;9f‘the“salinéﬁwater f:éﬁrmangvéqnftexs'

throughout geologic time. :Saline water may remain at depth

or where exposure to fresh water recharge has not occurred.

Brines occur' in almost all areas at the depths explored and




’ Accordiné,to,the Task Committee on Salt Water
.Intrusion, 1969, saline water in inland aquifers may be
‘derived from one or mére of the following sources: é

Q_ Sea water which:enterediaquffe:s,duging—deposition
or during a higg stand of the—sea—ip pastgéol?gic
. time - |

salt in salt domes, thin beds, or -disseminated in

the geologic formations,

SIightly saline water concentrated by evaporation

ihfplayaéio:—othet:encigsédiareas;
Return flows from irrigated lands, .
‘Man's saline wastes.

When development -of an aquifer by acts of ‘man causes.

saline water from any of these ssources to move into the
__ fresh water aquifer, salt water intrusion results.

55




Intrusion in the'Ugited:sgateg

Considerable information exists on the geographic
dist:iputfon of saline ground water }here'defined:aszﬁater‘
containing more that 1,000 mgs1l dissolved solids) (Feth,
1965; Feth, et al, 1965; Task Committee on Salt Water
Intrusion, 1969). These ieports indicate‘that approximétely
two-thirds: of the conterminous United States is underlain in

Epértbe“Salihé*ggdﬁhd5waterl

In the Atlantic and Gulf Coastal Plain and in many
'ground water basins on. the Pacific Coast, :saline water

occurs’because of sea water that was trapped in the

sediments: during: deposition: (connate water) or that invaded

the sediments during previous high.:stands of the sea.
F4

JAn the Midwest, bedrock aquifers: generally contain

-

mineralized water at depths below about 122 meters..

:Aquifers with- saline waters of -more than 1,000 mg/1

dissolved solids underlie fresh-water aquifers throughout
Q ’

most -of the-Great Plains -area from central Texas.to Canada.

In- the mountainous area from the Rocky Mountains to- the
h .

f—




Pacific coast, saline water occurs at depth in many ground

watér basins.
1 L N
ggv;;onmental Consequences

'Intguded fresh-water aquifers typically are locally
affeécted. Because of the relatively slow movement of ground
‘effects on ground water quality that could persist for
months under the most favorable :circumstances, -or many years:

or -decades in other .cases.

- €§? |
sSalt water intrusion can result from several

mechanisms. One inv°1ve§thequard‘mOVementofsaline

water through the aquifer as a result of some act of man on
the ‘hydrologic regime, such as overpumping. ;AQOthétjbcéu;a

by saline water moving vertically through wells into'a
fresh-water aquifer. Saline water intrusion also can occur
whefe—constzuctionwof—avwaterwayior—channél involves removal
of materials which have acted as an impermeable: blanket

' between saline waters: and fresh-water aquifers. Destruction




of natufélrﬁarriersxmay aIso'péxmit saline—wate? on the
surface to be carried past natural geologic barriers, such
-as faults*wﬁiéh:previously,protécted the fresh-water °*
‘aquifer. | o
Puméing—of an>aquifer underlain by saline watervwili i
cause the ground water level to be lowered, which in turn
‘can: ‘causeé an -upconing: of ‘the sa11ne water into ‘the aquifer -
and- eventually the well itself. Figure: 7 shows the sequence:

-of upconing: to-.a: pumplng well in:an unconfined aquifer. f

"Where saline and fresh-water aquifers are connected
zhyqrguxiga11y,fdégate:ing—operatidhs,’as:fof quérries;
‘saline water. iSimiIarlzi—theedéepeningfgr—drgdqiDQEOf a
_ gaining stream will cause a lowerlng of ‘the- hea%‘ln the:
-aquifer near the :stream. 1If the aqulfer is hydraulically
connectedtoanunderlyingfallneaqulfer. the lowering of
‘head will induce*upwardﬁmovementiQf1Saline”wate:@ Figure 8
illustrates the zone of saline water intrusion produced when.
a water tablé is lowered. 'This. indicates: that encroachment
of saline  water éanibE—a~pQ;¢ntfa1;prob;émzwhere—flopd

control or other projects modify stream stages.




Y

Extensive pollution of fresh water aquifers has been .
caused by verticélzleakage of saline watefygpggggg_inacxivefiﬁw_mﬂ;
- or abandoned wells or test holes. A well is an avenue of

nearly infinite vertical perméability,through,which'saline

watef,may,mpvew Purprng from fresh-water aquifers may lower

A
water tables below t..e piezometric surfaces&of lower saline
il —."' N .O. * s ’ .
water zones. Examples of saline water moving upward into a
: < ‘
fresh-water aquifer through various types of wells are
, : -
sketched in- Figure 9.
i -
: 4
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Figure 7 Schematic diagram of upconing: of
underlying saline water to a ‘pumping:
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‘Diagram showing- upward migration of
‘saline water .caused by lowering of water
levels in a -gaining stream--(D€utsch,
1963):. ' L
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"saline water source.

 “FRESH CORRODED .. CASING
WATER wsu.. CASING “LIFTED

_.ABANDONED
OPEN HOLE

* l.mszom»:‘rmc,. o 0.%
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Figure 9 fDlagram ‘showing: 1nterformat10na1\1eakage,

by vertical movement of water through:
‘wells where the piezometric surface lies
above the water table (after Deutsch,
1963)..

Indicative -of all .of the above mechanisms: is the
intrusion situation in SOuthern Alameda County, california,
shown in- Figure 10-. zHere a combination of four -causal
factOfs—eznaturaf—and—man-made'e—has lead to intrusicn in

two: distinct aquifers. Although the intruding water -shown

hgge is sea water, the mechanisms apply equally to any
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Figure 10 Illustrative sketch showing four
‘mechanisms. producing: saline water
intrusion in Southern Alameda County,
‘Ccalifornia (after California Department
of Water Resources, 1960)-. -




PollutantrMovement

When an aquifer cont&ins an underlying layer of saline
water and is pumped by a well penetrating only the upper
fresh water portion, a local rise of the interface below the
well occurs. With continued pumping this upconing rises to
successively higher levels until eventually it may reach the
well. When pumping is stopped, the denser saline water

E

t>nAds. to- subside to its original position.

:Theffactors-gove:niﬁgsupcéhingzincluGE—the—pumPing—raté*
‘'of the well, the -distance between the well and the saline
water, the -:duration of pumping, tbe;pexmeagilityﬂof the
aquifer, andtégead§n§itY~diffe:ence=between—theffreshaand

-

saline waters,

:Upconing:is~a¢compIex:phepqmenqn1 ‘Quantit;£ive
criteria have been formulated for the design and operation
of wells for,skimming;f;eShvwater from: above saline water
(Schmorak angzMérCado, 1969)... From a water-supply éfj
standpoint it is important/to—dete%hipéithe optimum-
location, depth, spacing, pumping rate, and .pumping: sequence
tomaximizeproduction*offresh%r dxwéieg,whiie

minimizing the undermixing of fresh and saline waters.

£ &
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The movement of saline water within wells is in the
direction of the hydraulic gradient. The flow can occur
either upward or downward, depending upcn the direction -of
the head differential. BAlso, head differences may result
from natural éeologic,causes or from ef ec%s bf pumping..

- Typically, a weiltpuméing from a fresh-water zone reduces
che head,theFe to a value lower than that of other zonmes.
If the non-pumped zones contain saline water :and are:
connacted hydraulically to the well, intrusion into the

. . . /e am 5 -
fresh-water zone/will result.
/

/// ’ o .

Control Methods

A variety -of methods are available to con*rol saline
water intrusion in aquifers. The seélection »f a particular
méthoa%will—d?pendAOn,thg 1ocai circumstances responsible
for the intrusion. ,Alterngtive”congipl methods are briefly

described in the following Subsections.

Reduced Pumping Where pumping of a ffesh:watgr aquifer
produces. upconing:-of saline water, an effective control
method is to reduce pumping. This may take the form of
actual termination of pumping, of :eduction:in*the

‘pumping. rate fxom:ihdiVidualzwells, or of -the




decentralization of wells. The more pumpage is
'reduceq, the greater the tendency for the saline wdter

interface to subside and to form a horizontal surface.

Illustrative of the consequencés of pumping rate are
‘data shown in Figure 11 from the Honolulu aquifer.
Here underlying saline water (actualli'sea—watgr) in a

nearby observation well moves upward and downward: in

aceordance with the pumping rate of a well.

,sﬁrféce,cénstructione6£'excavatgdnS*have lowered ground:
water léﬁeIs=andiéau§deundérlyingasaline:gigﬁhd:éafez
. to rise (see Figure 8), any action which raises: the
ground water level will be effective inisﬂppressing;
inttusign, Artificial recharge -of :an unconfined
aquifer, for -example, would have a beneficial effect.
régﬁIatingsSt#éamustagesforﬁby'réleasingzwater into

- surface éxcavationsligillfcaﬁée—a-ééitespondingiu?w@rd?

adjustment in. the adjacent water table.
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ggg;eqt&ve Pumping: Becauﬁe saline water moves into a
fresh water aquifer under the influence of a pressure
gradient, an effective control method istto':educe';hé
pressure in the saline water zone. This canbe - = _
accomplished by drilling and pumping a well perforated

only in the saline water portion of the aquifer.

AIthough—t@eJwaterwpumpédxig saline and may present a
:disposaxspfbblém.:xhiSfmethodidcesepermit the -continued

utilization of the underground fresh water reséurces -
f—withéut,inc:easiﬁg:iﬁtfﬁSiﬁn. :fhe,methodiwas:’-
fsuccessfully -applied to counteract a growing intruslon

:problem in ‘Brunswick, Georgia (Greag, 1971) .




TOTAL DRAFT, mod

Figure Y1 Monthly variations of total draft and
chloride content in a mnearby cbservation
well, Honolulu aquifer (after Todd: and
‘Meyer, 1971):-.




§§g;igg;ﬂg¥;§ To minimize the vertical movement of saline-
water in abandoned wells and test holes, theyishould'bé
coméletely—sealeawby backfilling with an impermeable
material. Dumping of loose soil into a well seldom
provides an effective guarantee of impermeability,
particularly in a deep well. Oné method is to pump a
cement slurry into the well, filling from the bottém

upward. The material will theén create a void-free

column having .a lower permeability than that of the
surrounding formations.

.y

lell construction To control the movement of saline water

within active wells that .are -either pumping or resting

requires careful well construction. During the .

drilling:of a well, one or more zones of saline water

may be encountered. When the full depth-of the well
has been reached, those formations expected to be
lhévglopeQifpr'freshaﬁafer:prbductibﬁ—aré—;éiécééé; )
Perforations should be placed only opposite the fresh-

—Qater zones., iUnperfqratédicaéingrshould be placed:

opposite saline water strata, with the annulus outside
‘of the casing:carefullyfsealedfto isolate saline zones

from the fresh-water zone.' Details 0f well




construction are available in_standard references -
(Campbell and Lehr, 1973; Gibson and Singer, 1971;

‘Monitoring Prqpedures

When fresh-water aquifers need to be protected against
vertical intrusion, a monitoring network to-verify the
~——effectiveness of the control method should be installed. in
—generaI;,the-hétwbrk—WiII—Cbhsfslfof,obsefvatiOnvﬁeiis
perforated w1th£n the fresh-water ‘zone: and sampled regularly
for total dlssolved solids or electrlcal conductivity. The
mgnitorinqe ‘wells: shbiz—l’d,i be in the deepest portions -of the -
fresh-water zone so- as- to —revea;i the first evidence of
intrusion, and spaced close -enough to pumping wells that
npconing: will be detected. Periodic checks should also be
made to ascertain that any —newlir: abondoned wells -or test
‘hrles are properly sealed and long: abandoned wells that are
identified through records search or other means: should be
located and ‘plugged.. ’fReqular measurements of pumping rates
and ground water level fluctuations, both.natural and
artifically :pxod\iéed; will ‘help to- recognize causal factors

responsible for actual -or incipient intrusion problems..
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INSTITUTIONAL AND_LEGAL_ASPECTS -

The Federal:Water Pollvtion Control Act As.Amended
15 * ’

The Federal Water Pollution Control Act as Amended :
recognizes, as a policy of the Congress, the primary
responsibility of the States to prevent, reduée,'and'
eliminate water pollution. The Adminisitrator of EPA is
difeCtedito develQp-c6mprehehsive:Ercgrams:for water

pollution control in cooperation with State and local

o ] )
agencies and with other Federal agencies. Thus?sthé—laWS—
—@nd;ins;itutiéns;reiatfngztéfwateff—ahdithéirsadéqﬁacy':a;e'
‘of ‘basic importances 1n'm§stzétates; tﬁe’fun¢tiéns of
,adminiStratrpnaszwater rightS;and&of,water—polluEiOn

K]

[ 4
‘control are the xesponsibility of dlzferent state agencies..

-
-~

p- 23
Water Rigkts
Any attempt to control an activity involving the
dlverSLon and usge of surface -or .ground waters, in order to ¥
prevent water’%bllution, w1ll probably involve vested water

xightsaandrusuallyrwill:be:in,cpnflict:with—theSe:watgr 7

rights. For many streamé,—groundlwate::basins,:and?aquifers

- o

~~
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throughout the United States, rights to the full yield have \\
‘ : 1

long since been vested, either through actual divefsion and

gse1—6r—because of the riparian status of lands or bwnerthip

of overlying lands, even though no use of—wat%r is being or

-

has been made. :/

. B Moo -
There is littYe question that the Federal Government
has the constitutional power to control the use of most -of

the surface watars oi the United States. -Under the

fesérVationzdoctrihey confirmed: by the—UnitedEStates équeme:
court in Arizona vs California, 373 US 546 :(?1,?9:6;—3)2,,4 the
Federal Government -can control and use the waters.
Q;igihaéiné-pnzof fiowingraczoss-réserVedfor'wiihﬁrawni
public lands. a largegéroportiqn—éf’the natural runoff of

*

'the;wéstern:sta@eg—or@ginateS*on'such iands, under the

jurisdiction of ﬁhe:US Forest Service, w.ie National:Park
Service, and othér Federal agencies. The federal powe. to
controlrnavigable—watersrhés long:beénreStabliShedignd

con‘irmed By a series of US Supreme Court decisions. The .

-

Court definitiOhs:Of—what—constitgtesfnavigable—wéte;ﬁ:a;e

broad -enough to eanmpgss~néa§Iy all sﬁzface streams of any

significant magnitude and their tributaries (United States’
, .

vsfGrand;River,DamrAutho;ity, 363 US 229, 1960). .

-




i

P

The Federal Government has never elected to assert
these constitutional powers over surface waters %p a general
" manner exgept;wi%h respect to control of pollutioﬁ\kesplting
from disposal of wastes. -Rather, the congress has
repéatedly stated that the states shall control the use of
intrastate waters. Section 8 of the Reclamation Act_of 1902

(32 stat. 388, 1902) explicitly provides that the Secretary

-of therinterioz shall—optainawater rights for reclamation

-

. . 2\ . - . ; ) .
projects in accordance with state water = s, The same

e e L o o . .0 L
provision or‘one expressing the same intent has been \

included in acts amendatory of and supplémentary to the |

5 x . P S
original .reclamation Act, -and in numerous other enaciments

~

of 1944 (58 Stat. 887, 1944).
In further support of this apparently consistent
;COAgreSsiopai intent, it is significant that there are no
.federal statutes gbve;ning*tge:aIlogationrqf,waier
resources, sunfaceror—ground;iof the administration of water
rights. Although periodically kills are introduced: in -

Congress for those pufposes, they ‘have never passed beyond

the committee stage. Up to 1973, therefore, responsibility
& \ b
for the allocation of water resources and ‘the grahting and
-ty .

-
.

Lt
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municipal

%
\:
administration of rights to intrastate waters has been left

to- the states. 1Interstate compacts have been executed for
many of the more significant interstate §treams—s§stems.
Some of these (the Delaware River Basin Compact, for

éxample) encompass the associated interstate aquifers. To

date, federal power over grciand watexr xresources haé been

¥

asserted only in specific instances involving water supplies

fo;'fédéral installations (State of Nevada vs United States,
. - i

165 F. Supp. 600, 1958). 1Indian water rights, now almost

entirely unquantified, and apparently definable only by

"individual actions brought before the US Supreme Court, are’

becomingfhi§h1y~conirovefsialrahd—becIoud'the—%ntifethtéi\

rights situation over much of the United States. For
surface waters, the riparian doctrine of water rights is
followed in several of—the:ea§te;h»—SOuthgrn, and’midwéstérn

states; only Florida, Indiana, Iowa, Minnesota, Mississippi.

New Jersey, and Wisconsin have strong statutes governing the

/
diversion and use -of such waters. In other states, the
appropriation dogtrine is followed, and the right to :divert
and: use sﬁrface—water mus§/be acquired in accordance  with

state law. Most of these‘state laws are based on the

objective of maximizing the economic beneficial uses tor

\ .

and- industrial water suppiyy irrigation, power

-
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production,‘and the like. With but few exceptions (edq,
California) state water rights laws do not provide
adequately forxﬁqfer .quality controi and in-streain uses
such as for fish gnd wildlifé resources. Generally, tke

hydrologic and hyéraulic interrelationships of surface
waters and ground waters are not recognized in state water
laws. T .

/

Some states (Colorado, Florida, Indiana, Iowa,

%

‘Minnesota, Nevada, iﬁ‘éw*aé;sgyj‘—New :Méia’"cb—{ ‘and Utah) have "
éta£utés»govezningythe~extractiég—aﬁdausé‘ofzgrcund*wate;,
The State :Water Resources -C 1trol Board of California has
only the power to initiate an adﬁ;diCatory,actiQh—ihzthé
Courés: imposition of a physical solution dépends:upgnra
finding that such action is necessary t0<p;evééf;g353;ggtiont
of or irreparable -damage to thé—quali@y*ofrground wageré
(Sec. 2100 et éeq; water Code) . Most grounqrwater laws’have—’
been laid down by :ché courts and vary widely from: state to
state. 1In California, for. example, %*he courts follow the
correlative doctrine,’ whereas in Texas, the courts have -
COnststept}y ﬁoIlOwedlthe:doctrihe—bf,abSolute:ownéISQip—or
‘the rule of capture (City;of Corpus Christi vs City of

) A .
Pleasanton, et al, 154 Tex. 289, 276 'S.W. 2e 798, 1955).

5
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Undé; the later doctrine, it is impossible toAcontroi the
extraction and use of ground water in any sigﬁificant way,
although certain limited powers to control well spacing,
thus affecting extraction rates, are granted to underground-

water'bonservation districts formed in a few areas of the

-

state fbhap. 52, Texas Water Code).

1

-

Present svate statutes and case law concerning: the

rights to the use of*wate;,are—gbmpletelyfingdeguate't0—

4

the diversion and use of either sucface of ground water.
State laws need to be revised and broadened, as has been

recommended by the National water commission -(1972)..

‘Ground Water Basin Management

congept '
The concept -of managing a ground water basin is
analogous- to the—éperation}of—@Fsurface—wgter reservosgm By
regulating the ré;easeszgf—qate: fxom,a—daﬁi the reservoir
can ‘be made to- serve various beQeficfaf;purpOSEs, andzwitp—
planning the benefits can be -optimized.” 1In general,. the

&
benefits depend not on maintaining the reservoir full or

v




;,- ~

empty at all time but rather on varying the water level to
i ]

meet predetermined supply and demand criteria.

Ground water basins -are increasingly being recognized

as important rescu:cés for water storagefénd—distribution.
Ground~water reservoirs have ﬁgmetOus advantages over
~surface reservoirs: Initial costs for storage.are

essentially zero, siltation is not a problem, eutrophication
is not a problem, water temperatures andimineréi—qqaiity-are
= relatively uniform, evaporation losses are negligible,
turbidity iS~generalIy—insignificéntrﬁno*1and*su;face area

is required, and useful lives are -often idefinite.
if*ﬂaz . The objective of ground water basin management is
"generally to provide an optimal continuing supply of ground

watérrof satisfactory quality at minimum cost. To- reach: —

this objective requires comprehensivé~ge010gic—anq?
‘hydrologic investigations , development of a model to
o simulate the aguifens, écoanic*analyses of aiternatiie

operational schemes, and finally, baséd on this management

study, regulation of the -basin. In most cases conjunctive -
use of surface water and-ground water systems is considered f




3} v -
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in seeking a maximum water supply at minimum cost (Todd,
1359y . : - .
p }
Procedure

The management study leading to a basin operation
consists of the components listed below. _These are airanged

to indicate the usual sequential order employed.

- /
7/
Geologic Phase ’
Data collection and water level maps. .
storage capacity and -change; transmission

.characteristics -
Water quality analys1s,

Hydrologic Phase

Data -collection
Base period-‘determination
Water demand -
- Water supply and: consumptive use
Hydrologic balance

“Mathematical Model

Programming and parameter -development
validation '

‘Operation-Economi¢ Phase

Future water demand and ‘deep-percolation:
criteria

Analysis of .cost of facilities

Cost~of-water study .

PIlans -of -operation

Cost comparision of glans

Preparation of Report

90




Physically, the management of a basin involves
regulating the patterns and schedules of recharge and
extractions of water. This would include specifying the
number ahdilocation—of—wells together with their pumping
rates and annual limitations on total extractions. The-
upper and lower ground water levels would be defined. Water
qua{i;Y*objéCtives1wbuidébe”set,:andrsources and causes. of
:poIiutign cagefuxly’cbhtchIed;’:The-artificfal recharge of
storm flows, imported water, or reclaimed water could be
involved. 1In some .instances, measures to lipit sea water
intrusion and land subsidence wculd be included.

‘Because of thé dynamic,nature~of—gfound watér re-ource

systems, a -continuing data collection program is essential.

Manageront parameters and criteria must be re-evaluated at

intervals of five to ten years.

pDetailed management studies for several basins in

califcrnia have been undertaken (Calif. Dept. of Water

Rescurces, 1968).. , -




Sources of Basin Pollution

Within a ground water basin th;TBbtential sources of
rollution may include all of the pPossibilities previously
described as Qell as many others. .A pollution source unique
to basin man~gement may be arfificial recharge of ground
water. In order to increase the availakle ground water
supply, a basin may bé heaviiy,pumped so as to lower ground.
,gater levels. Thegeagte;,'watervcahzbe artifiqially and.
naturally recharged to £ill the available underground
Storage space. Recharging is -usually -accomplished by-
surface spreading in which water is released for
infiltration intc the ground from basins, ditches, .
streambeds, or irrigated lands (Muckel, 1959). Water can
also be recharged into confined aquifers through injection:
wells. If the quality of the~rgchargede@ter is iéferiqr to-
that of the—existing,gxouﬁdéwatez,zpbrihtion—will result.

. y

An excellent illustration is the situation in Orange
County, California (Morelard and-Singer, 1969). To
compensate for extensive overdraft of the ground water basin
during the 1940's, large quantities of imported Colorado
River water were subsequently recharged- underground aloug

the Santa Ana Rlver channel. Because of the high salt
_ ’

=
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content of the imported water, the salintiy of a substantial
portion .of Orange County's ground water has been
iignificantly,increased.

op a long-range hasis, maintenance of salt balance in a
basin, i.e., prevention of accumulation of salts, must be
achieved. This is the most difficult quality-maintenance

i

problem.

Control Methods

— Proper -management o. a ground water basin requires -an
appropriate institutional structure embr:.:ing the basin to
insure that the water quality is not adversely affected:.

Control methods could include the followings:

T Malntalnlng -ground water levels below some sha1107

—depth ‘s0- as to: n1n1m12e the opportunlty for pollutlon -

J/ Y . .
.“from surface sources.

*

Maintaining ground water levels above some greater

-depth in order to avoid upward movement -of more saline
and warmer water into the aquifer.

I -

e
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Regulating the quality of%water artificially recharged
to the aquifers. Storm runoff collected in upstream
reservoirs and then released int6 spreading aréas is
usually of higher quality than ground water,‘but

imported and reclaimed water may not be.

Preventiné sea water intrusion and the. inflow of poor-
quality natural waters from adjacent surface and
subsurface sources. Poor-quality water from .
uﬂdérgrééﬁdeOQICeSecan:usuafiyfbe~eXéluded‘by lines -of
pumping. ‘or recharge wells, while surface waters can be

intercepted by drainage ditches: and diverted from the

‘basin.

et
xeéulating thé drilling, completion, and -operation of
all types of wells.
Regulating land use over the basin to prevent the
development of sources of ground water pollution.
Reducing salt 10adsxby—expo;ting'saliﬁe-ggdundawaters,

wastewaters, or brines from desalted water supplies.




Monitoring the quality of ground—wateé throughout the
i

. . . . Lo .
‘basin to identify and to locate any pollution sources

L /
and to verify corrective measures. I 7
!

\
!

” .
- 4
H

Legal and Institutional Requirements

‘Ground water management is not explicit%?mentionedin
the Federal Water Pollution,Cohtrol Act as—Am%hded,—but is

‘essential if the maximum overall benefit is to be derived .
from:-development and use of the ﬁnderg:ound?ié§curces}iwhile' 9]

Y-

at the same timéfprotectingz@ndfmaintaining;gréunéfwate;.

.quatity. The many interrelated sources. and causes. of ground
3 y nd )

water pollution and the inherent complexity of ground water
E Y Ix
lresourceSYFtemsmake it mandatory that the;préﬂgem-cf

—pgflutigﬂfCQﬁtrol'be'appgcachéd:onaa*"SyStems"ibésis:throughf

management, if control is to- be effective. § -

; -

Ground water management may be defined as the

development and utilization -of the underground resources

(water, storage capacity and transmission capacity),

H
:

» frequently in conjunction with surface resources, in a

yo—

'Iationai andahopefully—optimal:manne:,tc—aghieve,definegzand

-accepted water resource develcpment objectives. Quality as

‘well as quantity must be considered. The surface water

-




asources 1nvolved may include imported and reclaimed water

——— -’

3§ well as tributary streams.

. ) B -
- : - 7/

Generally, management can be most effectively ya

accompllshed at the local or reg10na1 governmental level,

operating within é—framework of powers and duties”

Vs
b/

esfabllshed by state statutes. A few such 199 ‘1 management

agencies WIth adequate ‘pcwers -have been f//ﬁgdand,are
V.
operatlng, -an- example 1s the ‘Orange COj/ty Water District,
/

/
‘California’ (Orange ‘County Water Dlstryct Act, as- amended)..
g ;
,{ ¥ ’ _ l//
Except for caiifornia.'there/g;efew.ifaﬁy, state
; / ’ ' o
Statutes under which effective management agencies can-be

‘established and operated. Current statutes and case law
concerning-water rights impede, and in some cases block, °
—efféctive—managemgntr :BrincfpartweakneSses-ih:tﬁe;preséht
legal aﬁd?institutiénatfpostu§é”at?the:staté,leveI—Wfth:
regard to control of ground water pollution from sources and
causes other than waste disposal stem frémrtheée»baéfcf

7

points:

In: ~0st states, private ownership of ground water
-attaches through ownership of the land surface, and the

/

/




states have not enunciatnd or implemented jurisdiction
: . . /
in terms of allocation or administration of the

resource.

3
o

-

State law and court decisions have generally—déalt with

’ ot

surfac:. anf’ground water as separakle resources. T

Most state statutes and court de¢isions do- not
recognize that :pollution of both: ground .and: surface

water may result from: the effects of activities not

necessarily involving waste generation and disposal;
pollution has been narrowly defined.

Vs o

:when=these'ihree*weékhesses are=éoisidexgq21n’their
otal ramifications, it'f§feVid§nt't£at ground water
pollution:-.controlX fsgpqssfbléaonly:bifhinzthe:cdntext—Of a
—CQmpiéhgnsive~mah@géﬁent:pkbgzémiféir@ptiméizéiiéca;ignf

‘conservation, -protection, and use of the water together with

" related: land resources available within a reégion.

-

‘The legal and institutional factors that must be
considered in'a ground water pollution control program are,

-.as: a consequence, largély dic~ted by the requirements of a
F T

*




man#gemént structure. Effective managemenF of ground and
surface waters as interrelated and inte;dependent resources. -
is undertaken as a means/of achieving regional, social,
environmental, and economic gogls, Implementation of such
maﬁagementlrequires,that'thése goals be articulated; that
management tools required to allocate the total water
réSOurée eguitablf—amqng*purgosés, to abate and prevent
pollution, and to equitably allocate the .cost involved, be
identified; and that government actions required for
management be initiated and carried forward.
a

The -objectives sought by managing.ground and surface
water resources .on a‘-conjunctive "systems" basis are-not the
same from area to- area. -Objectives that might be important

in one area, such as extending the life of the ground water

aquifer, protecting 'spring. flows, or controlling: -subsidence,

might have little relevancé -elsewhere. ‘Many alternative
institutional structures could be considered for the

management vehicle. But the extremely diverse hydrologic,

.geologic, economic, legal, political, and socidl conditions.
affecting the occurrence, protection, -and use of ground and

surface waters in. the United States suqggest that no single
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structure would be universally apg;icable nor politically

acceptable.

-

While management entities might not have the same

organizational structure everywhere, certain geographic

characteristics, fundamental resource inf-~mation, and

certain. basic management powers and duties are commonly
required. Delineation -of th9=géogtaphiC”ireé?t0fbe:

encompassed by a workable management entity must include

consideration of areas ‘having definable hydrologic

‘boundaries: Furthermore, to the extent possikle; the area
should: have social and economic identity or common interests
and be generally contiguous with existing' political

-subdivi'sions..

'fDatazandéahakysts-a:e:negdeﬂirega:dinq:a’;ange=of

hydrologic, geologic, physical, environmental, social, and

-economic factors that will largely determine the processes

through which management objectives are attained. Through

development of new analytical technigues by which the
performance of a ground water basin under various -conditions
can: ‘be: simulated or -modelled mathematically, -computerized

‘management tools have become available. -Depending upon:
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their intended use, these models require adequate data {in:
E appropriate formats and on a timely basis) such as the

following:

Stream flow - normal and flood; water quality; waste
disbharges - quantity and quality; silt loads;

- precipitation; evapgration; storm and drought
frequency, duration, and intensity; water supply

facilities and costs; waste treatment processes and:

costs.

Water uses; water rights; projected uses; return flow
i == quantity and*qgafitg{fPIOjeCted?e¢onOmic;

demographic, and social trends; relationship between

the factors affecting water quality such as source of

and objectives.

‘Available energy sources, facilities, and costs;
wildlife and fishery resources; recreational facilities.

and uses; historic, esthetic, -and 'scenic areas; -unique

aquatic, zoologic, or biologic habitats.




Areas, sources, rate and ¢uality cf ground water
recharge; surface and ground water inflow-ontflow
relationships; volume of aquifef storage capacitys;
aquifer transmissibility, specific capacity, énd,
foundaries; volume of surface water storage; seasonal
relationships of water demand: and wategﬂigfstorggg;
_relationships of surface and ground water use and
quantity and quality -of return flows.

T
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Assuming that adequate programs are conducted to gather

.and- ‘make- information- available to- a: viable management

-entity, that entity must be vested with powers and authority

to- fully exercise a complex management function. Aamong
‘these powers and -duties must be the following: as recommended
by the National Water Commission (1972).

wstate laws should recognize .and take account of the
substantial interrelation of suc cface water -and:-ground
waters. Rights in: ‘both sources. of :supply should be
integrated, and uses. should be administered and ‘managed
conjunctively. There should not ke separate
-codifications :of surface water law: and -ground water
law- the 1aw ‘of waters should ‘be a single, integrated

Where surface -and: ground ‘water supplies are
interrelated: and where it is hydrologically indicated,
maximum use of the -combined: resource should be
accomplished by laws and regulatlons authorizing: or




requiring users to substitute one source of supply for
Zhe other. ,

The Commission recommends. that states in which ground:
water is an important source of supply immediately
commence conjunctive management of surface water - ——
(including imported water) and ground -water, whether -or
not 1nterre1ated, _through-public, management agencies.
“The'states should immediately adopt legislation
authorizing the establishment of water management
agencies with powers to manage surface water and ground
water supplies conjunctively; to issue bonds and
:collect pump-- taxes’and diversion Charges- to- bﬁy and

;for recharge program3° to store water 1n aqu1fers,
‘Create salt water barrlers and: reclaim:.or treat water;
to- extract water; to -sue in its -own name and: as:
representative of its: members .for the protection of ‘the
aquifer froum damage, and: to: ‘be -sued: for damages- causcd:
:by its operatlons, such as ‘surface sub51dence.

The states. should -adopt laws and: regulations: to- protect
-ground ‘water aguifers- from injury and should authorize
-enforcement both by individual ‘property -owners: ‘who- are
-damaged and by -public officials and managment -districts
charged with responsibility of managing aquifers.”
implemenfittbhfof the—NatidééI*Watet:Cémﬁissfqnté—
—tecQmmendétionsawOﬁIdigo far toward -equipping a management
-entity to- control ground water pollution. ‘There are many

other questions, however, largely unanswered in:present

statutes: and court decisions, that will require very careful

analysis.
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